The RNA binding proteins EloR and KhpA are important components of the regulatory 18 network that controls and coordinates cell elongation and division in S. pneumoniae. Loss of 19 either protein reduce cell length, and makes the essential elongasome proteins PBP2b and 20 RodA dispensable. It has been shown previously in formaldehyde crosslinking experiments 21 that EloR co-precipitates with KhpA, indicating that they form a complex in vivo. In the present 22 study, we used 3D modeling and site directed mutagenesis in combination with protein 23 crosslinking to further study the relationship between EloR and KhpA. Protein-protein 24 interaction studies demonstrated that KhpA forms homodimers and that KhpA in addition binds 25 strongly to the KH-II domain of EloR. Site directed mutagenesis identified isoleucine 61 (I61) 26 as crucial for KhpA homodimerization. When substituting I61 with phenylalanine, KhpA lost 27 the ability to homodimerize, while it still interacted strongly with EloR. In contrast, both homo-28 and heterodimerization were lost when I61 was substituted with tyrosine. By expressing these 29 KhpA versions in S. pneumoniae, we were able to show that disruption of EloR/KhpA 30 heterodimerization makes the elongasome redundant in S. pneumoniae. Of note, loss of KhpA 31 homodimerization did not give rise to this phenotype, demonstrating that the EloR/KhpA 32 complex is crucial for regulating the activity of the elongasome. In support of this conclusion, 33 we found that localization of KhpA to the pneumococcal mid-cell region depends on its 34 interaction with EloR. Furthermore, we found that the EloR/KhpA complex co-localizes with 35 FtsZ throughout the cell cycle. 36 Importance. 37 To ensure correct cell division, bacteria need to monitor the progression of cell division and 38 coordinate the activities of cell division proteins accordingly. Understanding the molecular 39 mechanisms behind these regulatory systems is of high academic interest and might facilitate 40 the development of new therapeutics and strategies to combat pathogens. EloR and KhpA form 41 a heterodimer that is part of a signaling pathway controlling cell elongation in the human 42 pathogen S. pneumoniae. Here we have identified amino acids that are crucial for EloR/KhpA 43 heterodimerization, and demonstrated that disruption of the EloR/KhpA interaction renders the 44 cells independent of a functional elongasome. Furthermore, we found the EloR/KhpA complex 45 to co-localize with the division ring (FtsZ) during cell division. 46 47 48 49
Introduction.
Identification of amino acid residues crucial for KhpA homo-and EloR/KhpA 146 heterodimerization. 147 We reasoned that a 3D model of KhpA might help us identify amino acids that are crucial for 148 homodimerization and heterodimerization with EloR. KH-domains have a highly conserved 149 fold and many 3D-structures are available in the databases (28, 31). To predict the 3D structure 150 of KhpA, we used the online structure prediction tool iTasser. As expected, the predicted 151 structure shows a typical KH-II domain (C-score = -0.36) consisting of three -helices packed 152 against a three-stranded β-sheet (-----) ( Fig. 2A) . The conserved RNA binding cleft is 153 made up of the third -helix and the third β-strand. The typical GxxG loop that interacts with 154 the phosphate backbone of the ssRNA (or in some cases ssDNA) is located between the - 155 and -helices (marked in green in Fig. 2A ). Introduction of two aspartates in this loop 156 (GDDG) abolishes binding of target RNA (32). To predict the interaction surface between two 157 KhpA molecules, we did protein docking using ZDOCK with the 3D-model of KhpA as input. 158 According to the model (ZDOCK score = 895.421), the 3-helix creates an anti-parallel 159 interaction surface between two KhpA proteins, resulting in a homodimeric structure where the 160 GxxG loops of the two proteins point in opposite directions (Fig. 2B ). Based on this structure, 161 we made four different mutant versions of KhpA in which single amino acids predicted to 162 protrude from the -helix was altered (R53K, R59K, T60Q and I61F). The point mutated 163 versions of KhpA where then tested for their ability to homodimerize by performing BACTH 164 assays. The changes in position 53, 59 or 60 did not dramatically reduce homodimerization, 165 but changing I61 to the bulkier phenylalanine abolished the interaction between KhpA 166 monomers ( Fig. 2C ). To get more accurate data on the effect of the I61F mutation, quantitative 167 measurements of the -galactosidase production were performed (see Materials and Methods).
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Indeed, the KhpA I61F mutant protein has completely lost the ability to self-interact, but can still form heterodimers with EloR ( Fig. 3A) . In an attempt to create a KhpA mutant that does not 170 form homodimers nor EloR/KhpA heterodimers, I61 was changed to tyrosine, which adds a 171 polar hydroxyl group to the bulky phenyl ring. When tested in quantitative BACTH assays, our 172 results showed that the KhpA I61Y mutant has lost the ability to interact with itself and the 173 interaction with EloR was dramatically reduced (Fig. 3A) .
174
Amino acid sequence alignment of the KH-II EloR showed that the KhpA I61Y strain grew in short chains similar to KhpA deficient cells. The
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KhpA I61F strain on the other hand grew mainly as diplococci similar to the wild type strain ( To further test our hypothesis that EloR/KhpA heterodimerization is required for 215 normal elongasome function, we compared pneumococcal mutants expressing KhpA I61F , 216 KhpA I61Y and EloR L239Y (AW279) with respect to the essentiality of their pbp2b gene. Indeed, 217 pbp2b could be deleted in KhpA I61Y and EloR L239Y cells with normal transformation 218 frequencies, but not in KhpA I61F cells. Since it has been shown that mutants expressing a KhpA 219 unable to bind ssRNA (changing the ssRNA-binding motif GxxG to GDDG) have a 220 khpA/eloR phenotype (29), we wondered whether this was because KhpA GDDG had reduced 221 interaction with EloR. However, our BACTH assay showed that KhpA GDDG successfully 222 formed a complex with EloR ( Fig. 4C ), and we confirmed that pbp2b could be deleted in as FtsZ (Fig. 6 ). This shows that the EloR/KhpA complex is recruited to the division zone at 252 the very early stage, and that it remains co-localized with the cell division machineries 253 throughout the cell cycle. Note, however, that KhpA does not exclusively co-localized with 254 FtsZ as it is also found throughout the cytoplasm. seem to be equally strong (see Fig. 3A ), and it is therefore likely that both complexes forms in 280 vivo. However, our preliminary studies did not detect any obvious functional deficits or major 281 phenotypic changes associated with the KhpA I61F mutation, i.e. the mutation disrupting the 282 formation of KhpA homodimers without preventing the formation of EloR/KhpA 283 heterodimers. As the KhpA monomers are arranged in an antiparallel orientation in the dimer, 284 they will be able bind two successive sequence motifs on the same RNA strand. The binding 285 of two motifs will increase the target sequence specificity considerably, and will make the RNA In order to investigate the interaction between two proteins, we cloned genes encoding 389 the proteins of interest in frame with either the T25 -or the T18-encoding sequences in plasmids 390 provided by the manufacturer (Euromedex). The plasmids used in this study are listed in Table   391 S2. Next, two plasmids, each expressing one protein fused to either T18 or T25 were 392 transformed into E. coli BTH101 cells (a cyastrain). After overnight incubation on LB plates 393 containing kanamycin (50 µg/ml) and ampicillin (100 µg/ml), five colonies from each 394 transformation were grown in LB containing the appropriate antibiotics. When reaching an 395 OD600 of 0.2, three µl of the cell cultures were spotted onto LB plates containing 0.5 mM IPTG 396 (to induce expression of the fusion genes), X-gal (40 µg/ml), kanamycin (50 µg/ml) and 397 ampicillin (100 µg/ml). After an overnight incubation at 30°C, results were interpreted as 398 positive or negative based on the color of the spot. A positive interaction between the proteins 399 of interest will result in blue spots on a plate. In addition, the production of β-galactosidase 400 reporter was measured quantitatively by performing β-galactosidase assays using ortho-401 nitrophenyl-β-galactoside (ONPG) as substrate. E. coli BTH101 containing plasmids with T18 402 and T25-fused genes were grown in the presence of kanamycin (50 µg/ml) and ampicillin (100 403 µg/ml) to OD600 = 0.4-0.5. Then the cells were diluted to OD600 = 0.05 in similar medium also 404 containing 0.5 mM IPTG. The cells were incubated at 30 °C with shaking for 4 hours. Cells 405 from one ml culture were lysed using 0.5 g of ≤106 µm glass beads (Sigma) and bead beating 406 at 6.5 m/s for 3x20 seconds. Then the β-galactosidase activity in 100 µl cell lysate was The online structure determination tool iTasser was used to predict the 3D-structure of KhpA.
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It uses algorithms to predict protein 3D structure based on the amino acid sequence and known, 433 published structures (47). The ZDOCK server was used to predict the interaction surface in a 434 KhpA homodimer (48). Based on the predicted interaction surface in a KhpA homodimer, we 435 created point mutated versions of KhpA, introduced these into the BACTH system, and tested 436 interactions between mutated KhpA proteins and between mutated KhpA and wild type EloR. 
